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NO�NCLATURE 
a Constant, defined in (2-21 ) 
c constant, defined in (2-2 1 ) 
Cf Friction coefficient 
ht Finite difference grid spacing in n direction 
h Local enthalpy 
HQ Total enthalpy 
H Incompressible· shape factor based on energy thickness�(Walz) 
H* Compressible shape factor based on energy thickness (Walz) 
H Average value of shape factor based on displacement thickness 
He Compressible shape factor based on displacement thickness 
Hi Incompressible shape factor based on displacement thickness 
K 2-D or axi-symmetric constant 
K Constant, defined in (2-6) 
M ,,, Mach number 
P Pressure 
Pr Prandtl number 
r Body radius (finite difference) 
·r Recovery factor 
R Body radius 
R02 Reynolds number.based on displacement thickness 
R00 Reynolds ti.umber based on reference conditions 
u v.elocity component in x direction 
Ue Free stream velocity 
v Velocity component in y direction 
x Distance along body 
z Transformed momentum thickness 
6 Increment 
p Density 
µ Viscosity 
T Shear stress 
o1 Displacement thickness 
o1 Momentum thickness 
o3 Energy thickness 
y Gas constant 
Subscripts; 
w Wall �onditions 
oo Reference values 
e Conditions at .edge of boundary layer 
1�2 Conditions at point 1 and point 2 
u Incompressible quantity 
Fluctuating quantities (finite difference) or derivatives with respect to x 
Average values 
INTRODUCTION 
The problem of accurately determining boundary layer parameters has 
been of great interest to engineers for many years. Since there are no 
rigorous methods available many semi-empirical methods have been used for 
calculating boundary layer development and estimating flow separation. 
The calculation of boundary layer parameters requires knowledge of the 
turbulent shear which, with our present i�complete knowledge of turbulence, 
must rely on empirical relationships. Another well known problem is the 
non-linearity of the boundary layer equations. Early calculations rely on 
the well known Von Karman integral equations but with the advent of the 
large digital computers, finite difference methods are presently commonly 
used. The question of which method to employ must be judged based on speed, 
simplicity, and accuracy desired. 
The incompressible turbulent boundary layer was the subject of extensive 
research for the past fifty years. At the 1968 Stanford Conference ( 1). 
seven or more different methods have been judged satisfactory. Thus, future 
research in this area will undoubtedly decline. For calculation of the 
incompressible boundary layer there are two popularly used methods. The 
first and earlier technique utilizes the Von Karman momentum integral equation 
together with an assumed boundary layer velocity profile (power law or 
logarithmic law) , and one of several empirical skin-friction formulas 
such as the Ludwig-Tillmann formula (2) . A comprehensive comparison of 
this type of approximate method assuming different vel�city profiles is 
given by Taylor (3). 
The second is a purely numerical method using finite difference ap­
proximation. Independent studies have been made by several authors, and the 
. programs developed by Smith and Cebeci (4) and Pletcher (5) are quite 
general and can be used for conditions including heat and mass transfer. 
Despite this progress the existing methods cannot predict the point of flow 
separation reliably. Calculations for attached boundary layer or the calcu­
lations up to or near the separation point, however, can be done with a great 
degree of precision. 
A recent new method by White (6) may replace the Von Karman method. The 
1 
advantage of the method in estimating separation is that it has a built-in 
separation criterion which mig�t provide more.consistent results when.pre:­
dicting separation. Since this method only appeared· in late 1969, ·it. is 
too early to make a definite assessment of its accuracy. For the case.of 
the compressible turbulent boundary layer in an adverse pressure g�aPient, 
the calculation of the boundary layer development appears to be more uncertain. 
Mr. Rotta (7) in a recent summaZ'! paper stated: ''With regard to tur­
bulent boundary layers in an arbitrary pressure field of compressible f1ow, 
the same problems arise as in incompressible flow, however, with higher 
severity since Mach number and surf ace temp�rat�re come in as ·1nflu�ncing 
factors. Several of the calculation methods, originally designed ·for 
incompressible boundary layers in pressure gradients, have been modified 
in order to allow for the effects of Mach number and heat transfer. The!Se 
modifications are based on guesswork to a great extent9 Unfortunately, 
only a few comparisons between the results of such calcul�tion methods and 
experimental boundary data are available." 
White (8) has suggested categorizin$ ·compressible turbulent boundary 
layer approximations into five categories.· They are: 
1. Limi�ing Case Theories 
2. Von Karman Integr� Techniques 
3. Compressibility Transformations 
4. Finite Difference Approximations 
5. Integral Relations Based on Wall Variaples 
The fifth method above is a new technique being developed by White (8), in 
which he extended his method to the case of the compressible ��undary 
lay�. White's method is presently being modified to include axis_ymmetric 
flow problems (Private Communications) .  Studies up to now have indicated· 
an accuracy and simplicity that may threaten to replace the now popular 
Von Kaiman's integral · methods. 
The development of finite difference techniques for compressible tur­
buient flow has been generalized from incompres�ible programs by Smith 
and Cebeci (9) as well as by Pletcher. The results of Smith and Cebeci (9) 
have indicated a fairly high accuracy. The main disadvantage to finite 
difference methods_ is that they· require large ·computers to be effectively 
employed. 
2 
The limiting case theories and compressibility tra�sf orms have been 
shovn to •e useful in restricted cases for rough approximations. Both methods 
aust be used with caution and do not have as wide a range of applications 
as the o�ber methods • 
The present study was initiated to find a reliable method to calculate 
compressil>le boundary layer parameters and determine boundary layer 
separation 1.n choked inlets. The objective was to determine whether simpli­
fied method s of solution could be judged reliable enough for engineering 
purposes. 
Three methods are considered in this study. 
1. Finite Difference Solution 
2. Iterative Solution to Von Karman's Equations 
3. Average Shear Approximation to Von Karman's Equations 
The :finite difference method used was developed by Smith and Cebeci (9) , 
the .i.iltegral. approach follows a method developed by Walz (10), and the average 
shear approximation is a method developed by Lumsdaine. 
METHODS OF SOLUTION 
A. J!inite Difference Solution 
·The finite difference method discussed in this chapter follows a 
so1ution developed by Smith and Cebeci (9). The method consists of re­
placing the stream-wise derivatives in the momentum and energy equations by 
f�e-difference equations. The equations that result are solved by an 
imp11.cit finite difference method. The equations used in this method are: 
Contlnuit:y 
Komentum 
-::-r::T\. au (pv + P v J ay 
0 
dP 1 a K du � - - + - - r (µ - - pv u 1 
dx K ay ay r 
(2-1) 
(2-2) 
3 
Energy 
au0 
pu ay + 
(pv + ptVT) aH° 
Cly 
� . au } pv H 0 + µ(l - Pr)u -ay 
(2-3) 
with boundary conditions for the momentum equation 
u(x,O) = 0 
v(x,O) 0 
u(x,co) 
and for the ene rgy equation 
0 H(x,O) H� 
ifcx,ao) = ll�(x) 
(2-4) 
(2-5) 
The.system of coordinates used is shown in Figure 2-1. The subscr�pt e 
indicates quantities at the edge of the boundary layer, while 00 indicates 
·reference quantities. Lower case letters are used to indicate local conditions, 
whtle upper case letters indicate total conditions. Prime conditions· indicate 
fluctuating values. In the above equations, K • ·o for 2-D flow and K • 1 
for axi-synnnetric flow. 
The ordinary finite difference approximations using a rectangular grid are 
ill-suited to boundary layer computations. This is seen by the fact that 
boundary layer parameters are quite sensitive in the region nearest the wall. 
To account for the sensitive nature of the solution near the boundary 
a sma11 grid is needed. However, the quantities approaching the free 
stream conditions are very insensitive and have no need for a �ine grid. 
The idea of a variable grid system would therefore appear to be naturally 
suited to the problem. If the grid spacing is defined by 
(2-6) 
where K is a constant multiplier and h is the grid spacing, then a system 
as shown in Ftgure 2-2 results. 
The finite difference formulas to be applied with the variable grid 
system can be derived using Lagrange's interpolation formula. The resulting 
4 
he y 
Figure 2-1. Coordinate System for Fi n i te Di fference Method. 
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difference formulas are quite complex and may be found in (9). The 
finite difference molecules for the momentum and energy equation are 
shown in Figure 2-3. 
The _computations proceed by simultaneously iterating the e quations in 
the n direction at a given � point. The convergence criterion is the second 
derivative of the stream function at n = O. 
The flow diagram for the first point is shown in Figure 2-4. The. 
flow at the first station will always be laminar. 
The iteration procedure for turbulent flow is shown in Figure 2-5. 
When the flow is set for turbulent calculations, the flow is broken into 
two regions; the outer region contains turbulent flow variations while the 
inner region has vanishing turbulent fluctuations. 
The method was originally programmed on an IBM 360/65 at Douglas 
Aircraft Company. For the present study the program was slightly revised 
and. cataloged on an IB� 360/ 40 under the name E7ET3407.: · Thg---flow diagram 
and program listing can be found in (9) . 
B. Walz Method 
The iterative solution presented here follows that given by Walz (10). 
The method utilizes the integral conditions of momentum and. energy. This 
method was chosen over others presented by Walz sin�e it is relatively 
simple and is applicable to a wide range of flows. Specifically, the 
method can be applied t.o compressible or incompressib�e, 2-D or axisymmetric, 
and laminar or turbulent flows. The method can
· 
also be generalized to 
include heat transfer effects; however, this study is restric;ted to adiabatic 
flow. 
The integral momentum equation is 
U' o 
o' + o2 e (2 + .J- - M!) 
2 Ue u 2 
where R > o 
Ue R' T w + - - -U� R 
PeU� 
0 (2-7 ) 
7 
Momentum Molecule at {n,N) 
Momentum Molecule at (n,N - 1) 
Energy Molecule at (n,N) 
Figure 2-3. Finite Difference Molecules. 
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io 
The integral energy equation (adiabatic} is 
· U' 
Ue 
o; + 03 U
e t 3 + [r(y - 1) - l)M�} - � J Tdu = 0 
e �� o 
The governing equations can be transformed into a form suitable for a 
numerical solution by letting 
where 
-
and letting 
a • 
After elementary computations, equation (2-7) becomes 
Z' 
' 
Ue [ Ue R' ] + Z Ue F 1 + (1 + n) u� R 
where 
-
= 
5 1 2 
2 + n + ( 1 + n) 6 - Me 2 
02 
(1 + n) a-0-2u 
0 
(2-8) 
(2-9) 
(2-10) 
(2-11) 
(2-12) 
(2-13) 
(2-14) 
The energy equation can also be transformed into a more suitable
 form for 
computations by letting 
H 
* 03 = � 
(2-15) 
11 
If equations (2-11) , (2-12) and (2-15) are applied to equation (2-8) the 
. resulting equation is 
U' F * * e � H ' +II. U F3 - Z = 0 e 
where 
-
01 1 - T"" + r(y - l)M!. u2 
Empirical expressions necessary for·carrying out the computations are 
sunnnarized in Appendix A. 
(2-16) 
(2-17) 
(2-18) 
Equation (2-12) can be integrated by introducing an integrating factor 
and letting 'F\ and F2 _be average values for F 1 and F 2 over the interval cf 
integration. After integration, equation (2-12) becomes 
z� 
F, 
f x2 
X1 
(2-19)· 
··The integral in the second term can be integrated out if. a linear velocity 
distribution and a linear geometry is assumed, as follows: 
Ue(x) = Ue + c(x - x1) 
l 
where 
c 
a = 
. (2-20) 
(2-21) 
. 
12 
Equation (2-19) now becomes 
where 
B z z . 
. 
1 i f�l 1� 
Az + B F  �x.  z 2 Zi 2 
Following a similar treatment, equation (2-16) can be written as 
'where 
(2-22) 
(2-23) 
(2-24) 
(2-25) 
(2-26) 
(2-27) 
The evaluation of the average values in the above expressions is done by 
· letting 
F .. F(H,Me) (2-28) 
272131 
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13 
where 
It will be noticed that the equations for Z and H* cannot be un­
coupled. An iterative scheme must be employed to solve the equations 
simultaneously. 
Walz (10) suggests that convergence is guaranteed if 
ue 1 - �-2 < 0. 03 Ue 1 
and 1� a:1 < o.oos 
(2-29) 
(2-30) 
(2-31 )  
The method has been programmed b y  the author o n  a n  IBM 360/40 coll!Puter and 
is available under the name WALZ3407. The flowchart and the program listing
. 
can be found in Appendix B. 
C. Average if Method 
The method presented in this chapter was proposed by Lumsdaine. The 
purpose of the method is to reduce the integral equations of motion and 
energy to a simple quadrature. The equations are simplified by making two 
assumptions� 
1. Assume an average shear (friction coefficient) 
2. Assume an average value of 0 1/02 
The validity of these assumptions -will be discussed when they are a_pplied to 
the governing equations. The momentum and energy equations are: 
6' 2 0 (2-32)  
14 
u� J
ue 
o; + �3 Ue { 3 + ( r(y - 1) - 1 JM! } - -
2- Tdu 
Pelle 3 o 
0 (2-33) 
If the concept of an average shear over the interval of integration 
is assumed, then a constant friction coefficient can be defined as 
= (2-34) 
The assumption of an average shear is justified by the fact that Cf varies 
little for moderate Mach number$ M < 1. The assumption breaks down near 
separation where Cf must tend to zero. 
The second assumption is that of an average shape factor. The expression 
for the compressible shape factor is 
(2-35) 
Since 
(2-36) 
and the values of Me for this study are limited to the range 
0.2 � Me � 0. 8 (2-37) 
then it appears justifiable to assume an average value for He over the interval 
of integration: 
(2-38) 
With the introduction of the gas dynamics relation 
�: [1 + Y �J� (2-39) 
together with equations (2-34) and (2-38) , equation (2-32) becomes 
&; + a,� [2 + �� 2] + �·] :f r e 1 + 2 Me J (2-40) 
15 
Using an integrating factor , equation (2-40) becomes 
0 RM (2 + H) 2 e { L::..1_ ) 2Y + (y - l)H 1 + 2 M! 2(y - 1) 
xl 
� f _____ m.:_1e_<_2_+_H_) ____ dx 
[ l 2y + CY - l)H x1 1 +YM! 2<y - 1) (2-41) 
If equations (2-34 ) and (2-39) are introduced into equation (2-33), the result 
is : 
M� 3 + ( r (y - 1) - 1 ]M� 
�; + o 3 Me { 1 + L::..1_ M2 } - Cf 
2 e 
0 (2-42) 
Using an integrating factor, equation (2-42) can be integrated to 
(1 
o M3 3 e 
r-+ L::..1_ M2 2 e 
=· 
2yr + 3y - 1 
2(y - 1) 
Xl 
x2 M3 
cf f. e (1 +Y�] 2r - 2Yr + ·3y -xl 2(y - 1) 
(2-43) 
Equations (2-41) and (2-43) can now be integrated numerically to obtain 
stepwise values for 'o2 and 63 and thus H. 
The computational scheme employed requires that initial values be 
given to o2 and o3• The values for Cf and H must also be specified. These 
values may be specified as constants over the entire range of integration 
if the conditions mentioned earlier .are met. 
With the above values specified , the equations are a function only 
of the potential flow quantities. 
The method has been programmed on an IBM 360/40 computer. The flow 
chart for the computations and the FORTRAN program listing can be found 
in Appendix C. 
1 
16 
dx 
. .  · --�COMPARISONS-.AND ... GONCLUSIONS 
The .boundary layer comparisons made here are concerned with two type� 
· of geome�ry. These are: 
1. Cowling-Centerbody Configuration 
2. Conicai Diffusers 
A. Cowling-Centerbody 
The cowling-centerbodycomparisons were prompted by research in jet 
inlet noise, presently being done at South Dakota State Universi�y. At the 
present time experimental results are not available to check our app_roximate 
theories. The results of this configuration are mainly of intere�t in·. 
checking approximate assumptions, making generalizations, and correlating 
the methods. 
The ·geometry of the cowling-centerbody ·arrangement is shown in Figu�e 3-1,. 
while the area distribution is shown in Figilre 3-2. The centerbody in 
this configuration is translatable. The translatable centerbody is µsed 
to control jet inlet noise. When the centerbody is in a retracted .. position, 
as in cruise," the jet noise is allowed to pass out the inlet. In a landing 
configuration the center body is translated forward, as in Figure 3-1, to .. 
accelerate the flow to supersonic velocity, thus choking off the noise at 
the throat. Several different cowlings were studied but were found to be 
less useful. 
The fundamental assumptions for method three are an average shear and 
an average shape factor. The comparison of the coefficie.nt of fri-ction to. 
the first separation point is shown in Figure 3-3. · The average value of 
Cf used is seen to fall at about the midpoint of the
 range of Cf for the 
·.other methods. Larger average values of Cf were shown to inerease the rate 
·of boundary layer development and to delay separation slightly. Other 
flow situations with less severe separation were shown _to have all Cf curves 
merge at about 0.002. 
The effect of changes in the average shape factor are shown in 
Figure 3-4. Increasing the value of H is shown to shift the values of 
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H downward, but ·to have little effect on the separation point. The flow 
in this case was recycled to initial conditions after each separation. 
Figure 3-5 compares the three methods for displacement thickness 
development along the b.ody. Average H calculations are ·shown to develop 
most rap!
_
dly. The finite difference curve shows the most gradual 
development. 
The momentum thickness if? shown in Figure 3-6. The trend is the exact 
opposite of the displacement thickness. The finite difference method is 
shown to have the most rapid development�- while average H develops most 
slowly. 
The comparison of curves of H in Figure 3-7 indicates that energy 
thickness follows the same pattern as momentum thickness. The finite 
difference method shows delayed separation with a very gradual change of 
H. The separation criteria for the integral methods was that of H • 1. 515. 
As shown in Figure.3-7, the finite difference method does not drop to this· 
point even at separation. The separation criteria used for the finite 
difference.method was that of cf � o. 
B. Conical Diffusers 
The conical diffuser problem is useful for checking with experimental 
work done by Little and Wilbur (11). Because of difficulty in-matching 
initial conditions with experimental conditions, the finite-difference 
method is not included in this part. 
The results for the conical diffusers show a slightly different pattern 
than the cowlirig-centerbody problem •. 
The comparison of displacement thickness shows that both integral 
methods predict more rapid development than experimental results (see 
Figure 3-8). The Walz method in this case shows more rapid development than 
the average H method. This is in contrast to the results for the cowling 
problem. Average II agrees quite closely with experiment. 
Figure 3-9 shows momentum thickness development. Results show that 
the integral methods are in very good agreement with experimental results�-_ 
Again the results show a contrast to the cowling problem in that Walz 
predicts slower growth of the momentum layer. 
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Figure 3-10 shows that Walz predic t s  the earlies t_. __ ._____ The 
experimental values of H :Both 
to b e  pes s imistic in pred icting separation . 
As a final compari son of the integral methods , p lo t s  of s ep arat ion 
point versus d iffuser angle are checked for three different initial 
cond itions . 
Figure 3- 1 1  shows the mo st favorable inlet condit ion with F�gure s 3-12  
an d  3-1 3 showing progress ively worse initial cond itions . 
The curves indicate that Walz ' s  method continually predic�s earlier 
separation for any condit ion . By comparing the curves · as the initial 
condi t ions become more unfavorable , the integral methods · are shown to b e  
comparing mor e and more favorably with each other . These curves can b e  
quit e  useful in e s t imat ing flow separat ion in conical diffuser s . 
C .  Conclu sions 
The resul t s  of the cowling-centerbody comparisons indicate �hat f inite 
difference me thod s  are the mo st optimist ic methods for predicting separation . 
The average ii method cont inually predic t s  early separat ion . 
The effec t s  o f  changing the average values in the average ·H' method are 
found to have l i ttle effect on the result s .  Larger values o f  Cf are 
found to _ delay separat ion only slightly and to increase the rate o f  boundary 
layer development. Our assumption s  of average Cf and H appear to have been 
j ust ified . 
The conical . d iffuser problems indicate that int egral metho ds are 
pes s imis t ic in pr edicting separation . The Walz method is found to agr e e  
l e s s  favorably with experiment than the average H method . Severe ini t ial 
conditions tend to b ring the solutions together . 
It appears that the finite d ifference method s are useful in ge t t ing 
1n0re accurate solut ions , while the int egral metho ds are at tract ive in 
est ab lishing lower limits for s eparat ion criteria . The average H soiut ion 
shows promise in cal culating boundary layers for flow over surfaces wit h  
gradual changes in geometry . 
Exp erimentatio� pre ? ently being done at South Dako ta St ate Univer s ity 
will be u s e ful in further checking -cowling"'."centerbody appr
oximat ion s .  
28 
1 .8 
1 .7 
:c 
1 . 6 
1 .5 
1 . 4 
0 
� 
'� 
��"---�· ........ ........ 
� " ..,,,, � - ---� 
Average lf 
Wal z 
Experimental 
5 1 0  1 5  
X -· Inches · 
....... ""' 
-.... ........... 
......_ -...... 
20 25 
15· = 1 
02 = 
Hin = 
Pl Po = 
Rin = 
"-. ...___ 
30 
Figure 3-1 0. Comparison of H on a 1 2° Straight Diffuser. 
.. 
0.0357 11 
0 . 0255 t i 
1 . 86 
0.70 
1 0. 5" 
35 
N 
\.0 
40 
VI 
QJ 30 QJ "-
0\ 
QJ 
Cl 
I 
QJ -
c:n 
c: 
20 c:x: 
"-
QJ 
Vl 
:::l 
..._ 
'+-.,.. 
c 
1 0  
0 
\ 
0 
\ 
\ 
' 
1 0  
' 
' 
Average · H 
Wal z 
' 
' 
' 
' 
' 
' 
......... ' 
20 
cS 1 = 0.0357" 
02 :: o.02ss .. 
H; n :: 1 .86 
Pf Po = 0.70 
R;n = 1 0 . 5  
I I  
......... ""' ....... 
-- - - - - - - - - - -
30 
Separat i on Po int  � Inches 
· · Fi gure 3�1 � .  Separation Curves for Stra i ght Di ffusers Wf th In i t i al � 1 = 0.0357. 
VJ 
0 
( \  = 0. 1 995 11 
c52  = 0.1 430 1 1  
40 t- \ \ Average H 
· f- ---
� 
Hi n = 1 . 86 
\ Wal z - p/p0 :: 0 . 70 
\ 
\ R; n . 
= 1 0.5 11 
V'I 
QJ 30 t \ ' QJ s.. Ol ' QJ Cl ' ' ' 
QJ ' 
r-
Ol 
c: 
c( 20 
' ' ' 
s.. 
QJ 
' ........ VI 
::s 
� 
� 
.,.. 
........ 
0 
........ 
........ 
1 0  
--. 
i -.... - - - - - - - -
0 
0 1 0  20 30 
\ Separat i on Poi nt � Inches 
Fi gure 3-1 2. Separat i on Curves for Stra i ght D i ffusers Wi th In i t i a l �1 = 0. 1 995 . 
� ..... 
40 L 
VI OJ 30 t OJ � cl OJ Q 
OJ ..... 
O'I 20 c:: 
< 
� 
Q) 
Vl 
::3 
� 
� .,.. 
c 
1 0  
0 
0 
tS 1 = 0 . 500 ·� 
cS2 = 0.357 II 
\ Average H - - H; n ::: 1.90 
\ Wal z -- Pf Po ::: 0. 70 
\ 
\ Rin 
:: l 0.5" 
\\, ' 
' 
' ' ....... , ' ' ....... ....... ....... 
.._ -.._ ..._ -.... ._ -.... ._ - - - - - ... 
10 20 30 
Separation Poi nt � Inches 
Figure 3-13. · Separat i on Curves  for Str.a i g ht Di ffusers With In i t i al o1 = 0 . 500 .  
w 
N 
REFERENCES 
1 ,  S. J. Kline et al, Proc . 1968 Stanford Turbulent Boundary -Layer Confer­
�, 2 Vols. , 1968 . 
2 .  H. Ludwieg and W .  Tillman , "Investigation of Surface Shearing Stresses 
in Turbulent Boundary Layers , "  NACA TM1 284 , May 1950 • . 
. 3 . E. Taylor, " Incompressible Boundary Layer Studies, " MIT Gas Turbine 
Lab Report ,  1965. 
4 .  A . M . O .  Smith and T .  Cebeci, "Numerical Solution of the Turbulent 
Boundary Layer Equations, " Report No . DAC 33735, Douglas Aircraft 
. Corporation, May 1967. 
5. R. Pletcher , "On a Solution for Turbulent Boundary Layers with Heat 
Transfer , Pressure Gradient , and Wall Blowing ar� Suction, " Iowa S tate 
University , 1969. 
·6 .  F .. M .  White , "A New Integral Method for Analyzing_ .the TurbuLent Boundary 
Layer With Arbitrary Pressure Gradient , "  Jourµal of Basic Engineering , 
Vol. 9 1, No . 5, September 1969 . 
33 
7 .  J . c  .. Rotta, "Recent Developments in Calculation Methods for Turbulent 
Boundary Layers with Pressure Gradients and Heat Transfer, "  Aerodynamische 
Versuchsanstalt Goettingen , No. 65 A05, 1965. 
8 . · . F. M .  White, "A Simple Analysis of 2-D Turbulent Skin Friction with 
Arbitrary Wall and Free Stream _ Conditions, " AGARP Symposium on Turbulent 
Shear Flows , London, September 197 1 . 
9 � A.M. O. Smith and T. Cebeci, "A Finite Difference Method for . Calculating 
Compressible Laminar and Turbulent Boundary Layers, " Report No . DAC-67 13 1 ,  
Douglas Aircraft Co. , March 1969. 
10.  A. Walz , Boundary Layers of Flow and Temperature , First -English Trans-
. lation, MIT Press , 1969. 
U .  B. Little and S .  Wilbur , "Performance and Boundary Layer Data From 1 2
° 
· 
and 23
° 
conical Diffusers o f  Area Rat io 2. 0 at Mach Numbers up t o  
Choking and Reynolds Numbers up to 7. 5 x 1 0
6 , "  NACA Report No. 1 2 0 1 ,  
Langley Aeronaut ical Laboratory , 1965 . 
. .  
APPENDIX A 
EMPIRICAL RELATIONSHIPS FOR WALZ ' S  METHOD IN - AIR ' 
-a) Expressions f o� laminar flow : 
g 
l . 726l (H - 1. 5 1 5 )
0 • 7 1 5 8 
= 0. 1 564 + 2. 192l (H - 1 . 5 1 5 ) �· 7 0  
D 4. 0306 - 4. 2854 (H - 1 . 5 1 5 )
0
0
3 8 8 6  
• 0. 420 - (H - l. 5 1 5 ) 0 " 4 2 4H · 
• 0 . 324 + 0 . 336 (H - 1. 5 1 5 ) 0 " 5 5 5  
x - ( 1  + 0. 66r K 2 1 M!)w (1 + r K ; 1 M�) -w 
r = 0. 85 
a = 1. 1 8  
b = 1 . 08 
b) Expressions for turbulent fl.Qw : 
a 
Bu 
H1 2 
�Iu  
� 
' 0 7 • 0 . 03894 (H - 1. 5 1 5 )  • 
- 0. 0056 
) 6 .
7 
• 1 + 1. 48 (2 - H) + 104 (2 - H 
= 0 . 5 (2 - H) / (H - 1 )  
n 1 
N 1 
w = 0 . 5  
g ( 1. 5)
1 . 5 3  
• 0 . 306 + (H - 1 . 5)  - 0. 885 H -
x = 1. 0 N 0. 168 
r = 0 . 88 n 0 . 268 
a = 1 . 09 
b = 0 . 05 
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c) �pressions for both turbulent and laminar flow : 
02 
02�l 
B 
H* 
� 
W u 
lJJ ' 0 
K - 1 2 = r -2 Me 
-= 
-
s: 
-
-
a 
1 / ( 1  
Bux 
H1'J 
1 + 
a 
+ � M2 (2 r 2 e 
(1'11 2 - l )Me 
1'Jl 2 - 1 
Me + 
ip� 
0 . 0144 (2 _ H) 2
o . s 
- H*) H*) 
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3 ( X ( 2 5 ) , A , E ( l 5 , 7 ) ,  
A , S K I P ) ) , 2 ( X ( 2 5 ) , A , F C 1 5 , 7 ) , A , S K I P ) ,
S K I P C 2 � •  
X ( 3 0 ) � A , S K I P C 2 J ,  · 
X l 2 5 ) ,  A , f ( l 5 , 3 ) , S K I P , 4 ( X ( 2 5 ) ,
A , E ( l 5 , 7 ) , A , S K I P ) ) � .  
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I T E R  • •  
S I Z E = S I Z E / 1 2 .  , .  
Z A = Z A /  1 2 .  , • 
T Y P E R = I T t: R  , . 
I F ( T Y P I N P = 2 )  T H E N  D O , •
. 
. G E T F l l E ( S Y S I N >  L I S T C A S T A R , R F L A G ) 
T Y P E R = T Y P T W O  , .  
E N O , . 
, . 
I *  C L O S E  A N O  R E O P E N I N P U T  F I L E . S O· I N P U T  
C OU N T E R  I S  R E S E T * /  
C L O S E  F I L E  < S Y S I N )  , .  -
O P E N  F I L E ( S Y S I N l , .  
O N  E N O F I L E ( S Y S l N )  G O  T O  G O O N , . 
G O  T O  T V  P E R  , • 
I *  T H I S  I S  T H E I T E R A T I O N L O O P  * I  
I *  F G R  P O T E N T I A L I N P U T * I  
G E T  F I L E C S Y S I N )  E D I T  ( X ( l � A X ) , M C E L T A ( l M A X ) 
, U O E L T A l I M A X ) ,  
R AO ( l � A X ) , O U M M Y ) ( 4 F ( l 5 , 5 ) , X ( l 9 ) , A ( l ) )  
R A O ( I M A X ) = R A O ( l � A X ) / 1 2 . , .  
X ( I M A X ) = X ( I M A X ) / 1 2 .  , .  
l M A X = I M A X + l , . 
GO T O  I T E R , .  
t . 
T Y P T W O . . I *  T H I S  L O O P  C A L C U L A T E S  P O T E � T I A L D A T A  * I  
G E T  F I L E ( S Y S I N )  E D I T  ( X ( l � A X ) , R C , H l , D U M M V ) 
( 3 F ( l Q , 5 ) , X ( 4 9 ) , A ( l } ) � .  
GO O N  • •  
l f ( R f L A G = U  T H E N  R A O ( I M A X ) = R 0 / 1 2 .  , .  
E L S E R A O ( I M A X ) = R I / 1 2 . , .  
M X = . 9 9 9 8  , .  
X ( I M A X ) = X ( I M A X ) / 1 2 .  , .  
A R A T = ( R 0 * * 2 - K l * * 2 ) / A S T A R  
C A L L  F A L 5 l ( M X , A R E A , P R C N , A R A T , I N K ) 
' . 
' . 
M C E L T A C I M A X ) = M X , . 
U O E L T A ( I M A X ) = S Q R T l l l . 2 * M C E L T A l l M A X ) * * 2 ) / ( l . � 
. 2 * M D E L T A ( l M A X ) * * 2 ) ) * C S T A R  , .  
I M A X = I M A X + l , .  
G O  T O  T Y P T W O , .  
I *  T H I S  I S  T H E B R A N CH F R O M R E A D S T A T E M E N T  · * I  
C LO S E  F I L E  ( S Y S I N )  , .  
I *  S E T  I N I T I A L V A L U E S  * /  
P U T  P A G E , .  
H E A O R  • •  P U T  E O I T l 1 X C I N ) 1 , 1 M A C H 1 , 1 D E L T A l ( [ N ) 1 , ' D E L T A 2 { , N ) ' , 
' H ' , ' H S T A R ' > . 
( X ( 6 ) , A , X ( l 0 ) , A , X ( l l ) , A , X { l 0 ) , A , X l l 3 ) , A , X ( l 7 ) ., A ) , .  
P U T  S K I P , .  
P U T  t O I T  ( 1 U G E L T A ( F P S l 1 , 1 M U R 1 , • R E Y N L O ' , ' C f ' ) 
( X ( 2 1 ) , A , X ( 4 ) , A , X ( l 7 ) , A , X ( l 8 ) , A )  t • 
P U T  SK I P l J }  , • 
I = O , .  
B R A N B K = N E X T , . 
/ �  S E T  L A M I � A R  O R  T U R B U L E N T  F L O �  C O N S T A N T S  * I  
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N E X T  • •  
O UT L P  • •  
L OO P  • •  
I F  S T = O T H E N  G O  T O  L A M C O �" ' .  E L S E G O  T O  T U R B C N , •. I *  L O A D  I N I T I A L V A L U E S  I N T O  P O I N T  O N E  * I  
Z l ; Z A , . 
H l = H A , .  
H 2 = H A  , .  
Z 2 = Z A  , • 
H = H A  , . 
Z = Z A , • 
I *  L O A D  P O I N T O N E  F O R  P R I N T 
X 2 = X C l J  , . 
M D E L T A 2 = MO E L T A { l ) , . 
U D E L T A 2 = UO E L T A ( l )  , .  
G O  T O  P A S S , . 
X l = X ( [ ) , .  
R l l ::; RAD ( l )  , . 
U D E L T A l = U D E L T A ( l ) , .  
M D E L T A l = M D E L T A ( I ) , .  
I *  L O A D  P O I N T T W O * /  
U D E L T A2 = U D E L T A ( l + l ) , .  
M U E L T A 2 = M D E L T A ( l + l ) , .  
X 2 = X ( J + l ) , . 
R l 2 = R A D ( l + l ) , .  
I F  C U O E L T A 2 =  0 . ) T H E N  G C  T O  F I N I S H , .  
l f ( ( l . - ( U O E L T A 1 / U O E L T A 2 ) ) = 0 . )  T H E N  GO T O · N O W � T , . 
l f ( A B S ( ( UD E L T A 2 / U D E L T A 1 ) - l . ) G T  A C R ) T H E N  D C , .  
UO E L T A 2 = ( U O E L T A 2 + U O E L T A 1 ) / 2 .  , .  
MO E L T A l = ( M O E L T A 2 + M D E L T A l l / 2 .  , . 
X 2 = ( X 2 + X l ) / 2 .  , .  
R I 2 = ( R l 2 + R l l ) / 2 .  , . 
C A L L  S H I F T ( U O E L T A , U O E L T A 2 ) 
C A L L  S H I F T ( M O E L T A , M C E L T A 2 ) 
C A L L  S H I F T ( X , X 2 )  , . 
C A L L  S H I F T  ( R A C , R l 2 )  , .  
' .  
' . 
E N O , . 
D E L T A S = S Q R T ( ( X 2 - X l ) * * Z + ( R I 2 - R l l ) * #2 J • •  
I *  G E T A V E R A G E  V A L U E S  * /  
M AV G = t M O E L T A l + � D E L T A 2 ) / 2 .  , .  
I *  G E T  T H E  U N I V E K S A L  F U N C T I O N S  * /  
I *  G E T  A N  I T E R A T E D  V A L U E  F O R  H * /  
J J = l ' .  
C A L L U N I F UN r •  
I *  C h E C K  C C N V E R G E N C E  O F  I T E R A T I ON S C H E M E  * I  
J J= J J  + l ' .  
I F ( ( ( H + H l l / 2 . ) L T  1 . 5 1 5 )  T H E N  G C  T O  P A S S  � ·  
I f  ( A B S ( H - H 2 ) )  L T  . 0 0 5  T H E N  G C  T C  P A S S , . 
H 2 = H t • 
I f t J J G T  2 0 0 ) T H E N  0 0  , .  
P U T  E D I T ( ' I T E R A T I O N D I D  N O T  CO� V E R GE I N  • , 
1 2 0 0  L O O P S ' ) ( A , A )  , .  
P U T S K 1 P l 2 ) , .  
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. �. ' 
. � -
.... �· ; •. . .  " .. . - -...... · . .  
P A S S  • •  
GO T O  P A S S , �  
E NO , . 
I *  R E S E T  H 2  A N D  Z 2  F O R  A N E W  I T E R A T I O N * I  
Z 2 = Z , .  
G O  T O  L O O P , .  
R A T R H O = ( ( l . + . 2 * M O E L T A 2 * * 2 ) / l . 2 ) * * 2 � 5 , . 
R A T U = C S T A R / U D t L T A 2  , • 
. R AT M U � ( ( ( l . + S M A L L R * . 2 * M O E L T A 2 * * 2 ) * 1 . 2 ) / ( i . + . 2 *  
M D E L T A 2 * * 2 ) ) * * · 7  , .  
Q U A N T � S I Z E * R A T U * R A T R H O � R A T � U / R I N F , . 
R E Y N L O = ( l / Q U A N T ) * * E X P  , . 
O E L T A 2 = ( Z * Q U A N T * * S M A L L N ) * * E X P  
D E L T A l = D E L T A 2 * D l C C 2 
I *  C H E C K  F OK T U R B U L E N C E  * /  
I F  S T = l T H E N  G O  T O  B Y P A S S  , .  
• •  
' .  
I *  E Q U A T I O N F O R  T R A N S I T I ON P O I N T * I  
A = 2 . 4 2 + 2 4 . 2 * ( H- l . 5 7 2 ) , .  
I F  L O G ( R E Y N L D ) L T  A T H E N  G O  T O  B Y P A S £  , . 
P U T  E D I T { '  t R A N S I T I O N A T  X = • , X 2 ) ( A , F ( l 0 , 5 ) ) , . 
I * S E T  T U R B U L E N T  C O N S T A N T S  * I  
S T =  l , • 
· B R A N B K = B Y P A S S  , . 
GO T O  T U R B C N , .  
B Y P A S S  • •  I *  C H E C K  F O R  S E P A R A T I ON * I  
I F  H G T  1 . 5 1 5  T H E N  G O  T O  N O S E ? , . 
I *  I F  S E P A R A T I C N O C C U R S  S E E  I F  I T  I S  
L A � I N A R  O R  T U R B U L E N T * /  
I F  S T = O T H E N  O R A N B K = L A M S E P , .  E L S E  B R A N B K = T U R B S P , . 
G O  T O  P R I N T  , .  
N O S E P . �  J = J + l , .  
I F  J L T  P R T I N C T H E N GO T O  N O w R T  , . 
E L S E B R A N B K = N O � R T  , .  
G C  T O  P R I N T  , • 
R E S E T  • •  H = H A  , .  
l = l A  , .  
NOW R T .  • I= I + 1 ' • 
IF I G E  I M A X  T H E N  G O  T O  F I N I S H , .  
H l = H  , .  
Z. l = Z  , .  
H 2 = H  , • 
Z 2 = Z , . 
G O  T O  O U T L P  , . 
· / *  R O U T I N E S  T O  S E T L A M I N A R  A N O  
T U R B U L E N T  C O N S T A N T S * /  
L A M C O N . .  S M A L L N = l .  • •  
4 1  
S M A L L R = . 8 5 , .  
N = l .  , • 
P O W R = l . + S fv' A L L N  
E X P = l . / P C h R , .  
G O  T O  B R A N B K  , . 
S M A L L N = . 2 6 8 , .  
S M A L L R= . 8 8 , . 
N =·. 1 6 8 , • 
P O W R = l . + S M A L L N  
E X P = l . / P O w R  , . -
G O  T O  B R A N B K  , .  
I *  P R I N T R O U T I N E S  * I  
' . 
, . . 
I *  L A M I N A R  S E P A R A T I O N I N C I C A T I C N * /  
L A M S E P  • •  P U T  E D I T ( ' L A M I N A R S E P A R A T I O N H A S  O C CU R E D 1 . · � .. - · 
, • A T X = • , X 2 ) ( A , A , F ( l Q , 5 ) ) , .  
P UT S K I P , . 
GO T O  R E S E T  , .  
T UR B S P • •  P U T E D I T  ( '  T U R B U L E N T S E P A R A T I O N H A S  CC C U R E D  A T ' �  
' X = • , X 2 ) ( A , A , F ( l Q , 5 ) ) , .  
P U T  S K I P , .  
G O  T O  R E S E T • •  
P R I N T • •  X 2 = X 2 * 1 2 .  , .  
O EL T A l = D E L T A l * l 2 . , . 
D E L T A 2 = D t L T A 2 * 1 2 . , . 
C F = 2 . * A l � H A * D 2 C D 2 U / K E Y N L D * * S M A L L N  , .  
P UT E D I T  ( X 2 , M D E L T A 2 , 0 E L T A 1 , 0 E L T A 2 , H , H S T A R > . :  
( X ( l ) , f ( l 0 , 5 ) , X ( 5 } , F ( l 0 , 5 ) , 4 ( X ( 5 ) • E ( l 5 , 7 ) ) )  , . 
P U T  S K I P , . 
J = O  , .  
UDE L = U D E L T A 2  , .  
P U T E D I T C U D E L , R A T M U , R E Y N L O , C F  
( X ( l 6 ) , F ( l 0 , 5 l , 3 ( X ( 5 ) , E ( l 5 , 7 ) ) , S K I P >  , . 
P U T  S K I P , . 
G O  T O  B R A N B K  , .  
F I N I S H • •  D I S P L A Y  ( '  E O J • ) , . 
U N l F U N  • •  P R O C E D UR E , . 
I *  C A L CUL A T E A L L  C O N S T A N T S  N E E D E D T O  G E T  
T H E  U N I V E R S A L  F U N C T I O � S  * /  
S M A C H = M A V G * * L  , .  
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L A M  • •  
T UR B • •  
B O T H  • •  
E X P = l . / ( l . + S M A L L N ) , .  
I *  G E T  A V E R AG E  H A N O  l * I  
H A V G = l �l + H 2 ) / 2 .  , .  
Z A V G = t Z l + Z 2 ) / 2 .  , .  
I F  ( H A V G  G E  2 . 0 0 )  T H E N  H A V G = l . 9 9 5  , .  
I *  D E T E R M I N E I F  T H E  F L C W  I S  
L A M I N A R O �  T U R B U L E N T  * I  
I F  S T = l T H E N  G O  T O  T U R B  • •  
B E G I N , . 
0 1 U 0 0 = . 4 2 0 - ( H A V G - l . 5 1 5 ) * * ( . 4 2 4 * H A V G J , .  
G= . 3 2 4 + . 3 3 6 * ( H A V G: l . 5 l 5 ) * * • 5 5 5  , . 
C H l = l ( l . + . 1 7 * S M A C H * f l . 1 6 0 * � A V G- l . 0 7 2 ) ) /  
( l . + . l 7 * S M A C H ) ) * * • 7 , .  
H l 2 =  4 . 0 3 0 6 - 4 . 2 8 4 S * C H A V G- l . 5 ( 5 ) * * • 3 8 8 6 
A L P H A = l . 7 2 6 l * ( H A V G - l . 5 1 5 l * * • 7 1 5 8 ; . · 
B E T AU = . 1 5 6 4 + 2 . 1 9 2 l * ( H A V G - l . 5 1 5 l * * l . 7 0 , . 
S Y  1 2= l .  l B , • 
E N D  L A M  , . 
G C  T O  B O TH  , • 
B E G I N , . 
; . 
O l U 0 0 = . 5 * ( ( 2 . - H A V G ) / ( H A V G - l . ) ) , .  
G = . 3 0 6 + ( H A V G - l . 5 ) - . 8 8 5 * ( H A V G- l . 5 > * * 1 • 5 3 
C H I = l . O  t •  
. 
H l 2 = 1 . + l . 4 8 * ( 2 . - H A V G ) + l 0 4 . * ( 2 . - H A V G ) * * 6 • 7  
B E T A U = . 0 0 5 6  , .  
' . . 
S Y 1 2 = 1 . 0 9  , .  
A L P H A = . 0 3 8 9 4 * ( H A V G- l . S l 5 ) * * • 7  , .  
E N D T U R B  , .  
S Y P R M E = . 0 1 4 4 * ( 2 .  - H A V G ) * 2 • * * • 8  , .  
5 Y = l . + ( S Y 1 2 - l . ) * � A V G / ( M A V G + ( S Y 1 2 
H S T A R= H A V G * S Y  , .  
- 1 . ) / S Y P R M E ) 
• •  
' . 
B E T A = a E T A U * C H I , .  
D 2 0 0 2 U = l . / (  l . + S t' A L L R* . 2 * S M A C H * H S T A R * ( 2 . - H S T A R ) ) _ , .  
D 4 O D  3 -=  S M  A L  l R * • 2 * S M  A C  H , • 
O l 00 2 = H l 2 / 0 2 0 0 2 U + 0 4 0 0 3 * H S T A R  , .  
F l A VG = 2 . + S M A L L N + ( l . + S M A L L N ) * O l O D 2 - S M A C H  , .  
F 2 A V G = ( l . + S � A L L N l * 0 2 0 D 2 U * A L P H A  , .  
F 3 A V G = l . -0 1 0 0 2 + 2 . * 0 4 0 0 3  , .  
F 4 A V G= 0 2 0 0 2 U * ( 2 . * B E T A • R E Y N L O * * ( S M A L L N -N ) - A L P H A *  
H S T A R ) , .  
I *  G E T A N E W  A P P R O X I M A T I O N F O R  H * /  
V E L R A T = U O E L T A 1 / U C E L T A 2  • • 
A Z = V E L R A T * * F l A V G  , .  
8 l = ( l . - A Z * V E L R A T ) / ( ( l . + F l A V G ) * ( l . - V E L R A T ) )  t • 
AH = V E L R A T * * F 3 A V G  t • 
B H = ( l . - A H * V E L � A f . ) / ( ( l . + F 3 A V G ) * ( l . - V E L K A T ) )  
P O W R = l . + S M A L L �  , .  
R O T = ( R l 2 / K l l ) * * P O W R • •  
Z = C A Z + C B Z * F Z A V G * D E L T A S / Z l > * ( l . + R C T ) / 2 .
) * Z l / R C T  
' . 
' . 
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S H I F T . �  
B A C K  • •  
H S T A R = ( H l * S Y l * C A H + B H * F 4 A VG* 2 . / ( Z l + Z ) * ( D E L T A S /  
( H l * S Y ) ) )  , .  
. 
H =H S T A R / SY , .  
R E T U R N  , • 
ENO U N I F UN � . 
P R O C E O U K E ( F , N E W O N E ) , . 
I *  T H I S  P ROC E D UR E  W I L L SH I F T 
M A T R I X  F O V E R  B Y  O N E  .TO M A K E  
R O O M  F O R N E w C � E  * I  
U C L  ( f ( l O O O l l F L O A T D E C  , .  
O C L  N E W O N E  F L O A T  D E C , .  
l M A X = l M A X + l , .  
J fl'- = 0  , .  
f ( l M A X - J M ) = f t l M A X- ( J M + l ) )  � ·  
J M;: J M + l  , .  
l f ( ( I M A X - ( l + l ) - J � ) = O )  T � E N 0 0  
f ( l + l l = � E W C N E  , . 
R E T U R N , .  
E N O , . 
E L S E  GO T O  B A C K  t •  
E N D S H I F T  , .  
E N O  P L U G , . 
T H E  
' . 
A R E A  • •  P RO C ( M X )  F L O A T D E C , .  
D C L  ( M X , A R )  F L O A T D E C , .  
I *  D E T E R M I N E T H E  A R E A  R A T I O  A T  M A C H  N U M B E R = M X  * f  � . 
A R  = ( l . / M X ) * ( ( l . + . 2 * M X * * 2 ) / l . 2 ) * * 3  t •  
R E T U R N  ( A R )  , • 
E N D A R E A , .  .. , 
F A L S I • •  P R O C E D U R E ( X T E S T , F , P RC N , V A L U E , I N K ) , . 
U C L  F E N T R Y , .  
O C L ( $ , T )  F I X E D B I N A R Y , . 
O C L  I NK F L O A T , . 
X L C W = X T E S T  , .  
V = F C X T E S T ) - V A L U E  , .  
I f  V = O .  T H E N  R E T U R N  t •  
E L S E  I F  V L T  O .  T H E N S = - 1 , .  
E L S E  S = ! , . 
I *  C O N V E � T  S T O  F L O A T I N G F O R M  * /  
Z = S , . 
T R Y . . I *  I N C R E M E N T  X T E S T  * /  
X T E S T = X T E S T + I � K , . 
V = f  ( X l E S T ) - V A L U E , .  
I F  V = C .  T H E N  � E T U R N , . 
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E L S E  I F  V L T  O .  T H E N  T = - 1 , .  · 
E L S E  T = l , .  
I F  ( S * T ) L T  0 T H E N  X H I G H = X T E S T , . 
E L S E D O , .  
X L O W = X T E S T , . 
U = V , • 
G O  T O  T R Y , .  
E N O � .  
B R A K E T • •  I *  T H E  R O O T H A S  B E E N  B R AC K E T E D  * I  
X T E S T = ( X L O W * V - X H I G H * U ) / ( V- U l , . 
l f ( X T E S T  L E  X L O W  O R  X T E S T . G E  X H I G h ) 
T H E N  X T E S T = X H I G H + X L O W ) / 2 . , . 
I F  ( A B S ( X H I G H - X L C h ·} )  L T  P RC N  T H E N  R E T U R N  , .  
F X T E S T = F l X T E S T ) - V A L U E , .  
' *  U E T E R M I N E W H I C H S I D E  O F  T H E R U OT X T E S T r s  O N  * '  
I F  ( F X T E S T * Z > G T  O .  T H E N D O  , .  
E L S E  D O  , .  
V = F X T E S T , . 
X H I G H = X T E S T , .  
E N O , . 
G O  T O  B R A K E T , .  
- E N D  F A L S I , .  
U = F X T E S T , .  
X L O W = X T E S T  , .  
E N D , . 
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-
P RO G R A M  F L O W C H A R T  
S T A R T  
I N P U T R E F E H C N C E  
A N O  
A N O  I N I T I A L 
C O N D I T I O N S  
I N P U T  G E O M E T R I C  
D A T A  . 
f N P U T  P O T E N T I A L ..,._ _____ ..... C A L C U L A T E D A T A P O T t N T I A L  D A T A  
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